Greenhouse Effects due to Man-Mad Perturbations of Trace Gasc
Anthropogenic gases may alter our climate by pluggii an atmospheric window for escaping thermal radiatioi 
The concentration of OH is limited by reaction K2 and by reaction with carbon monoxide
OH + CO -> CO2 + H (Kll)
It is well recognized that the thermal structure of the earth's atmosphere is influenced by the presence of small quantities of water vapor, carbon dioxide, ozone, and aerosols (1, 2). The main radiative effect of the gases is through absorption of upward-moving thermal radiation and reradiation at the local temperature; this blanketing leads to an increase in the surface temperature, the so-called greenhouse effect. Aerosols may either heat or cool the surface, depending on their optical properties for both incident solar radiation and emitted thermal radiation (3, 4) . These phenomena, which have been well analyzed in the context of planetary atmosphere studies, almost certainly played a major role in the evolution of our own atmosphere as well as those of Venus and Mars (5-7).
The atmosphere also contains a large number of trace gases with strong infrared absorption bands; examples are N20, CH4, NH:3, HNO:j, C2H4, SO2, CC12F2, CCl.F, CH3C1, and CC14. Despite the small amounts of these gases, they can have a significant effect on the atmosphere's thermal structure because they have absorption bands within the 7-to 14-,um (700 to 1400 cm-') atmospheric window which transmits most of the thermal radiation from the earth's surface and lower atmosphere (Fig. 1) . In this article we discuss the nature and climatic implications of possible changes in the concentrations of N20, CH4, NH:;, and HNO:3; we also include computations of the greenhouse effect for the other trace 12 NOVEMBER 1976 gases listed above. The greenhouse effect of the chlorofluorocarbons (Freons) has already been studied by Ramanathan (8) , and our computations for the Freons are included only for comparison. Similarly, to provide a further basis for comparison, we include computations of the changes in the atmospheric greenhouse effect which would accompany plausible or hypothetical modifications of the abundances of the primary gaseous radiative constituents-H2O, CO2, and 0:,.
Sources and Sinks for Atmospheric Trace Constituents
The chemistry of NO2, CH4, NH:;, HNO:;, C2H4, SO2, CC12F2, CCI:F, CH:,Cl, and CC14 has been extensively studied (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) ). The present status of our knowledge is summarized in Table 1 . Nitrous oxide, methane, and ammonia appear to be produced mainly by decay of organic matter under anaerobic conditions. Their abundance in the present atmosphere must be the result of a delicate balance between bacterial activities and various removal mechanisms. Nitrous oxide (NO2) is destroyed by photolysis (reaction J1) and reaction with O(1D) (K1), primarily in the stratosphere. There is, however, evidence for an additional tropospheric sink (L1), and the lifetime of N20 may thus be as short as 10 to 30 years instead of the 130 years implied by reactions J1 and K1. Methane is removed from the atmosphere by reacWe may note that CO itself is derived as a by-product in the oxidation of CH4, with an additional contribution from combustion of fossil fuels. Our knowledge of the atmospheric chemistry of NH:, is quite uncertain. The mixing ratio of NH:, in the troposphere is highly variable, a consequence of its short lifetime; following McConnell (12), we use a mixing ratio 6 x 10-9. Ammonia is readily attacked by OH or washed out by rain. The Freons are clearly anthropogenic in origin. They are destroyed by photolysis (J5 and J6) at altitudes above 25 kilometers.
As is clear from this discussion of Table 1 , there is no reason to believe that the chemical composition of the atmosphere is immutable. In this article we focus on two major perturbations man is imposing on the global environment: stimulation of agriculture by chemical fertilizers, and combustion of fossil fuels (9, 18). It is not possible at this time to accurately forecast the chemical evolution of the atmosphere accompanying these perturbations, so we simply point out the order of magnitude of effects that have been suggested.
The use of fertilizers provides the primary mechanism for man's influence on the nitrogen cycle, and it has recently been suggested that this perturbation could lead to an increase in atmospheric N2O. There is a large range in the predictions of chemical modelers, with the higher estimates being as much as a factor of 2 by the year 2020 (9, 18). The corresponding effect on NH3 has not been estimated, but it is probable that the source of NH:3 would scale with that of N20, and thus we would anticipate a potential increase in NH:, of the same magnitude as that for N2O.
Combustion of fossil fuel is a significant source of atmospheric CO and must be responsible for the observed threefold enhancement of CO concentration in the mid-latitudes of the Northern Hemisphere as compared to similar latitudes in the Southern Hemisphere (9). Bolin (19) estimates that by the year 2020 the Table 3 ). pany a particular change in atmospheric composition is even more difficult to achieve than prediction of atmospheric chemical evolution. Climate modeling is at a primitive stage and is not yet capable of reproducing interannual and long-term climate variations. The primary difficulty is the large number of physical processes that come into play for time scales longer than the radiative time constant of the atmosphere, which is of the order of 1 month. These processes, involving the atmosphere, ocean, cryosphere, and land surface, are particularly complex because of the significant interactions and feedback effects that occur among them over climatic time scales. On the other hand, the long time scales involved in climate also mean that the external boundary conditions and the radiative forcing of the system must be principal determinants of climate, as opposed to the internal dynamical processes that account for the specific motions of the atmospheric eddies representing global weather patterns; this provides some hope for eventual deterministic climate modeling.
Characteristic
A first step toward achieving a realistic climate model can be taken by modeling specific aspects of the full climatic system. In particular, for evaluating the ef-SCIENCE, VOL. 194 *The value q is the relative humidity taken from (2). tThese constituents are assumed to be uniformly mixed with relative abundance f0 from the ground to altitude z0, above which the relative abundance decreases exponentially with scale height H; that is, f = f0exp[-(z -Zo)/H]. fect of a perturbation of atmospheric radiative constituents, a one-dimensional radiative-convective model of the atmospheric thermal structure is a useful tool. Although such models exclude horizontal transports and a number of other mechanisms, they do at least make it possible to compare the relative importance of different radiative perturbations. It is conceivable that onedimensional models even provide a good first-order estimate of the effect of the assumed perturbation on the earth's average thermal structure, but it is difficult to be confident of that in the absence of reliable fully interactive climate models. For example, available climate models indicate that there is a feedback between snow or ice, albedo, and temperature which is strongly positive, implying that the actual change in the average surface temperature would be significantly larger than that obtained with a one-dimensional model; current global estimates for this feedback factor are -1.5 (20, 21) , with considerably larger values for high latitudes. There are many other potential feedbacks-for example, between temperature and cloud properties-which are very difficult to estimate quantitatively at this time.
In our one-dimensional radiative-convective model the atmosphere is allowed to reach an equilibrium thermal structure with a time-marching computational procedure (22) . For the assumed atmospheric composition and initial temperature distribution, the local radiative heating and cooling rates for solar and thermal radiation are computed at each altitude, with the net heating used to determine the local temperature at time t + At. The relative humidity of the atmosphere is kept fixed; thus, if a change in the abundance of an atmospheric constituent increases the temperature, the absolute humidity also increases, causing a substantial positive feedback effect (23). At any altitude where the computed temperature lapse rate is steeper than a preassigned maximum value (-6.5?K per kilometer) it is assumed that convection occurs with a vertical energy flux just sufficient to yield that preassigned maximum lapse rate. Interaction through the time-marching procedure is continued until energy balance is achieved at each level in the atmosphere; after the atmospheric composition is perturbed, typically 300 to 450 simulated days are required to reestablish equilibrium to an accuracy of 0.01?K. Averaging over clear and cloudy regions, each assumed to cover 50 percent of the earth, is performed at each time step before computing the energy balance. Because of our inability to predict cloud feedback effects, we make computations with two different assumptions for the cloud-top altitude: fixed cloud-top height and fixed cloud-top temperature. The latter assumption seems more plausible (24), but by considering both cases we obtain an indication of the sensitivity of the results to that assumption. Other characteristics of the standard global average atmosphere that we employed are listed in Table 2 . Table 3 . Infrared bands of trace atmospheric constituents, and the greenhouse effects arising from the indicated changes in concentrations of single species. The greenhouse effects obtained by doubling present-day abundances of CH2C12, CHC13, C6H6, and PAN were negligible (< 0.01K). These mixing ratios are the values at the surface. The assumed vertical profiles are given in Table 2 tThe H20 abundance change was a factor of 2 above 11 km, while it was determined by the condition of fixed relative humidity below that altitude.
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Greenhouse Effects for Trace Atmospheric Constituents Table 3 small concentration that their direct radiative effects are negligible" and that these trace gases "can have only an indirect effect on the energy budget of the planet (through participating in the photochemistry of ozone or the production of particulate matter)." This opinion leads to the recommendation in that publication that the abundances of these gases need to be measured only to the extent that they are useful for analyzing atmospheric chemistry. We believe, on the contrary, that NO2, CH4, and NH, should be accurately monitored to get a firm handle on the global trends of abundance, as is being done for CO2 (3).
In 2 (3, 27) . Thus we can anticipate that CO2 will play a major role in future trends of the earth's radiation budget; perhaps it will have a dominant role, but it is certainly not possible to be categorical about that at this time.
The greenhouse effect due to a change in 0:3 abundance is also substantial, as illustrated in Table 3 . However, a single calculation is entirely inadequate for 0:, because the results depend strongly on its vertical distribution, which exhibits strong temporal and spatial variability. Table 3 also indicates that a very large greenhouse effect arises from doubling the stratospheric water vapor, even though there is relatively little H20 in the stratosphere. The reason for the predominance of water vapor as a greenhouse material is clear from Fig. 1 , which includes the infrared transmittances for typical stratospheric and tropospheric amounts of water vapor. Although it is difficult to predict even the sense of future trends of stratospheric water vapor, we include this calculation for an H,O perturbation for the following reasons.
1) Water vapor plays a predominant role in determining the atmospheric and surface temperatures, and thus assumptions about the response of the atmospheric water vapor distribution to any of the compositional perturbations under consideration are crucial. There is also the possibility that compositional perturbations could modify H20 condensation processes, resulting in either a positive or a negative feedback effect on temperatures. Changes in cloud cover or cloud altitude strongly influence the radiation budget, so the constraints of fixed cloud properties that we have employed should be removed in more realistic modeling experiments. Earth is the water planet, and only with a quantitative understanding of the web of processes connecting water in its various forms-atmospheric vapor, clouds, ground hydrology, snow cover, land and sea ice, and the oceans themselves-can we hope to model climate.
2) Stratospheric perturbations can have a large effect on conditions in the troposphere and at the earth's surface, and understanding stratospheric-tropospheric exchange processes is of primary importance. Although it is plausible to assume that fixed relative humidity is a good approximation in the troposphere, there is little justification to support such an assumption for the stratosphere. It is possible, for example, that the stratospheric water vapor abundance is controlled primarily by the temperature at the tropical tropopause, where towering cumulus clouds inject tropospheric air into the stratosphere. However, chemical processes, such as the oxidation of 12 NOVEMBER 1976 CH4, may also have a significant role in controlling stratospheric H20 abundance. Again we are forced to conclude that reliable analyses must properly incorporate radiative, dynamical, and chemical processes and their interactions.
Discussion
The overall impression left by Table 3 is that anthropogenic perturbations of the gaseous atmospheric composition are likely to eventually warm the earth, a result that would be expected to have greatest consequences for mid-and highlatitude land areas in the Northern Hemisphere. That impression is supported by the likelihood that the potential countereffect of atmospheric aerosols (1, 3, 4) will be either sporadic (in the case of volcanic aerosols) or limited by the short lifetime of airborne particles subject to fallout and rainout (in the case of tropospheric anthropogenic aerosols) (29). Man-made thermal pollution and a suspected slow increase of the solar radiative output during the last three centuries (30, 31) work in the same sense as increasing trace gas abundances-that is, to warm the planet. However, the primitive status of today's atmospheric modeling capabilities, as indicated by the sampling of caveats discussed above, suggests that a reliable climate prognostication must await the development of improved climate models as well as the attainment of accurate measurements of the trends of atmospheric composition and solar radiative output. The primary value of the type of computations we have made is to provide order of magnitude estimates of surface temperature sensitivity to trace gases and a relative measure of several different potential perturbations.
Finally, we would like to emphasize the value of planetary atmosphere studies for the objective of understanding and predicting the climatic consequences of anthropogenic perturbations of atmospheric composition. Searing-hot Venus, Dry Ice-cold Mars, and our presently hospitable lukewarm Earth provide a striking range of conditions for testing climate models. Furthermore, recent photographs from the Viking spacecraft support the belief that Mars was once a warm planet with plentiful rivers and oceans, and although we do not yet have the data to test the theories, it has been suggested by Ingersoll (6) and by Rasool and De Bergh (7) that an earlier clement Venus was brought to its present state by a runaway greenhouse effect. There can be little doubt that the compositions of these planetary atmospheres have undergone substantial evolution and that major temperature and climate changes accompanied the evolving composition. By studying and reaching a quantitative understanding of the evolution of planetary atmospheres we can hope to be able to predict the climatic consequences of the accelerated atmospheric evolution that man is producing on Earth.
Summary
Nitrous oxide, methane, ammonia, and a number of other trace constituents in the earth's atmosphere have infrared absorption bands in the spectral region 7 to 14 ,Am and contribute to the atmospheric greenhouse effect. The concentrations of these trace gases may undergo substantial changes because of man's activities. Extensive use of chemical fertilizers and combustion of fossil fuels may perturb the nitrogen cycle, leading to increases in atmospheric N20, and the same perturbing processes may increase the amounts of atmospheric CH4 and NH:3. We use a one-dimensional radiative-convective model for the atmospheric thermal structure to compute the change in the surface temperature of the earth for large assumed increases in the trace gas concentrations; doubling the N20, CH4, and NH:3 concentrations is found to cause additive increases in the surface temperature of 0.7?, 0.3?, and 0. 1K, respectively. These systematic effects on the earth's radiation budget would have substantial climatic significance. It is therefore important that the abundances of these trace gases be accurately monitored to determine the actual trends of their concentrations. 521 (1974) ]. In our computations we specify gaseous absorption coefficients within a frequency interval Av by means of a probability distribution function, which is thus used for an implicit integration over wavelength. This function is obtained for each frequency interval and each gas by using the band model of W. Malkmus [J. Opt. Soc. Am. 57, 323 (1967)]. The band model parameters for each interval are obtained by using data from the sources indicated in Table 3 . The region of solar radiation is divided into 59 frequency intervals and the thermal spectrum into 49 intervals. The number of frequency intervals is sufficient to permit the spectral dependence of the cloud particle properties, which is relatively slowly varying, to be treated explicitly. Absorption by more than one gas within an interval Av is treated by assuming that their probability distribution functions are independent. For both solar and thermal radiation, multiple scattering is handled by using the doubling method within each layer and the adding method for combining these layers [see A. A. Lacis and J. E. Hansen, J. Atmos. Sci. 31, 118 (1974)]. The inhomogeneous nature of the atmosphere is incorporated through the pressure and temperature dependence of the probability distribution functions. The resulting heating rates are accurate within a few percent, as demonstrated by comparisons with "line-by-line" calculations that we have made and will include in our theoretical paper (28). 23. The actual equilibrium response of the water vapor profile is one of the aspects that must be addressed in more realistic global modeling but, except perhaps in the stratosphere, the assumption of fixed relative humidity should be a realistic approximation; see (2, 3, 20, 21) 
